Background: Despite remarkable progress in treatment, patient management and increased survival rate, childhood acute lymphoblastic leukemia (ALL) remains a major public health problem. Traditionally white blood cell count (WBC) at diagnosis has been used as a prognostic marker. However, the molecular mechanisms and biological pathways modulating WBC have not been characterized. Here, we investigated whether genomic alterations in childhood ALL patients diagnosed with high (HWBC) and patients diagnosed with low (LWBC) could lead to measurable changes distinguishing the two patient groups and discovery of signaling pathways modulating WBC.
Introduction
Acute Lymphoblastic Leukemia (ALL) is the most common diagnosed childhood cancer and the leading cause of cancer-related death among children in the US [1, 2] . An estimated 6000 new cases event-free survival rates and overall survival, significant challenges remain. One of the more significant challenges is that 10%-20% of the patients still do not respond to the current treatment protocols, while among the patients who initially respond to treatment, 20-30% tend to relapse [3] [4] [5] . Moreover, the overall cure rate for relapsed patients remains low, despite intensified chemotherapy and stem cell transplantation [3] [4] [5] . Therefore, there is an urgent need for the discovery of novel prognostic markers and targets for the development of novel targeted therapies.
Traditionally, white blood cell count (WBC) in peripheral at diagnosis has been one of the strongest independent predictors of induction failure, resistant disease and risk of relapse in pediatric ALL [6, 7] . Accordingly, WBC has been used to stratify patients and to guide treatment decisions [6, 7] . Large epidemiologic studies have investigated the prognostic impact of WBC in ALL and shown that non-remission and relapse patients consistently have high WBC than those in remission [7] . Crucially, current treatment protocols developed using phase 3 clinical trials conducted by pediatric oncology consortia in Europe and in North America have demonstrated that initial white blood cell (WBC) is a consistent predictor of clinical outcomes [8, 9] . Moreover, WBC has been incorporated in the National Cancer Institute (NCI) Rome criteria protocols for risk stratification of children with ALL [10, 11] . Yet, despite the large available body of knowledge about WBC as a powerful prognostic marker and a predictor of relapse in ALL [10, 11] , the molecular mechanisms and the biological pathways modulating WBC have not been well characterized.
Over the last decade, advances in microarray technology have enabled molecular classification of subtypes of ALL [12] [13] [14] .
Discoveries from microarray technology have provided insights about the molecular basis of childhood ALL [15, 16] . Recently Edwards et al. reported a gene signature of high WBC in ALL using a small sample of gene expression data [17] . However, the study did not characterize the gene regulatory networks and signaling pathways modulating WBC. A deeper understanding of the genomic differences between patients diagnosed with high WBC (HWBC) and patients diagnosed with low WBC (LWBC), as well as the elucidation of the "druggable" pathways dysregulated by genomic alterations in response to increased WBC, should improve patient stratification and speed the development of novel targeted therapeutics. 
Material and Methods

Source of Gene Expression Data
We used publicly available gene expression data generated from a total of 207 patients diagnosed with high risk pediatric [15, 16] . The details about sample processing and experimental protocol have been provided by the data originators [15, 16] . Because the same TARGET barcode structure was used for both clinical data and molecular data, we used the barcodes structure to integrate patient-based clinical information with sample-based gene expression data. All patients were treated uniformly with a modified augmented Berlin-Frankfurt-Münster Study Group (BFM) regimen [15, 16] . This trial targeted a subset of newly diagnosed high-risk ALL patients, which have experienced a poor outcome (44% relapse-free survival (RFS) at 5 years) in prior studies [15, 16] .
Patients with central nervous system disease or testicular leukemia were eligible for the trial regardless of age or WBC count at diagnosis. Patients with very high-risk features (BCR-ABL1 or hypodiploidy) were excluded, whereas those with low-risk features (trisomies of chromosomes 4 or 10; t [12;21] 
were included unless they had central nervous system disease or testicular leukemia. For this study, previously cryopreserved residual pre-treatment leukemia specimens were available on a representative cohort of 207 with gene expression data and clinical information. The sample distributions were 108 patients diagnosed with HWBC and 99 patients diagnosed with LWBC. LWBC was defined as initial WBC of < 50,000/mm 3 , and high HWBC was defined as initial WBC count ≥ 50,000/mm 3 . The patient age ranged from 0 to 21years. The gene expression dataset contained 54,613 probes and was processed using the Affymetrix Human Genome U133 Plus 2.0 Array chip using standard Affymetrix protocol. The probes from the U133 Plus 2.0 chip were mapped to gene names using the batch query as implemented in the Affymetrix database Net Affx to annotate the probes with matching gene symbols. The data was processed to remove spiked controls.
Analysis of Gene Expression Data
The data was normalized, and log transformed using a log2.
Using the log transformed data, we compared gene expression levels between patients diagnosed with LWBC and patients diagnosed with HWBC, by fitting the data to a linear model and performing empirical Bayes moderated statistical tests using the Limma package [19] as implemented in Bioconductor using R 3.5.0
[20] to obtain estimates of p-values and log-fold-change (LFC) values as measures of the differences in gene expression levels between the two patient groups. We used the false discovery rate procedure to correct for multiple hypothesis testing [21] . The p-value was adjusted for censored variables such as age and gender.
The genes were ranked on adjusted p-values, LFC and the false discovery rate. A significant adjusted p-value of P< 0.05 was used as the threshold for declaring significant differential expression. To determine whether the significantly differentially expressed genes distinguishing the two patient groups are functionally related and have similar patterns of expression profiles, we performed hierarchical clustering using a set of the most highly significantly differentially expressed genes between the two patient groups. For hierarchical clustering we used the Pearson correlation coefficient as the measure of distances between pairs of genes and complete linkage as the clustering method.
Hierarchical clustering was performed using Morpheus software developed by the Broad Institute [22] . We performed network and pathway analysis and visualization using the Ingenuity Pathway Analysis (IPA) system [23] . For IPA analysis, gene symbols approved by the Human Genome Organization's Nomenclature Committee for the most highly significantly differentially expressed genes distinguishing patients diagnosed with LWBC from patients diagnosed with HWBC were mapped onto networks and canonical pathways as implemented in IPA [23] . Using the network and pathway design and analysis modules as implemented in IPA, we identified the most significant molecular networks and pathways, by computing the probability scores (Z-scores) for molecular networks and the log P-values for functional category and signaling pathways, to assess the likelihood and reliability of correctly assigning the genes to the correct networks, functional category and signaling pathways.
Molecular functions, biological processes, and cellular components in which the genes are involved were assessed using the Gene Ontology (GO) [24] information as implemented in IPA.
Results
Traditionally, clinicians and pediatric hematology and oncologists have used WBC at diagnosis in childhood acute lymphoblastic leukemia as a prognostic marker to guide therapeutic decision making at the point of care. However, to date, the molecular mechanisms modulating WBC have not been characterized. This investigation was conducted to address this knowledge gap. Here we summarize the findings from this investigation.
Discovery of a Gene Signature Modulating WBC
The first objective was to discover and characterize the molecular signature distinguishing patients diagnosed with LWBC from patients diagnosed with HWBC. We hypothesized that genomic alterations in ALL patients diagnosed with WBC could lead to measurable changes guiding therapeutic decision making by distinguishing patients with HWBC from patients with LWBC. To address this hypothesis, we compared gene expression levels between the 99 patients diagnosed with LWBC and the 108 patients diagnosed with HWBC. After correcting for the false discovery rate, the analysis produced a signature of 5,683 significantly differentially expressed genes at a nominal p-value (P<0.05). Evaluation of significantly differentially expressed genes using the estimates of p-values and FDR revealed a signature of 289 highly significantly (P<0.0001; FDR≤0.01) differentially expressed genes distinguishing the two patient groups. This confirmed our hypothesis that genomic alterations in patients diagnosed with HWBC and patients diagnosed with LWBC could lead to measurable changes affecting therapeutic decision making by distinguishing the two patient groups. A list of the 27 most highly significantly (P< 0.00001; FDR <0.01) differentially expressed genes distinguishing patients diagnosed with HWBC from patients diagnosed with LWBC are presented in Table 1 . A complete list of all the 289 highly significantly differentially expressed genes distinguishing the two patient groups are presented in Table S1 provided as supplementary data to this report. 
Patterns of Gene Expression Profiles for the Genes Distinguishing the Patient Groups
To address the hypothesis that genes dysregulated in response to increased WBC and distinguishing the two patient groups are There was significant variation in patterns of gene expression profiles across patient samples in both the LWBC and HWBC. The variability in patterns of gene expression profiles within and across the two patient groups can be partially explained by the heterogeneity of the disease [6] . The groups with LWBC and HWBC contain patients with biologically heterogeneous subtypes of ALL and many cytogenetic subsets with different prognostic impact [6] . Moreover, because ALL is inherently a heterogeneous disease involving many subtypes, gene expression may be subtype specific. Our analysis included different subtypes, under such conditions the observed outcome may be expected and is consistent with epidemiologic literature [6] . Overall the discovery of a gene signature distinguishing the two patient groups suggests that the discovered genes could serve as clinically actionable prognostic markers.
Gene Regulatory Networks and Signalling Pathways Modulating WBC
The second but equally important objective of this investigation was to elucidate gene regulatory networks and signaling pathways modulating WBC in childhood ALL. We hypothesized that genomic alterations in genes distinguishing the two patient groups affect entire molecular networks and signaling pathways which are dys- Analysis of upstream regulators in network regulation revealed KLF3, FOXN3, SGPP2 and FOLR1. In addition to evaluation of genes in the networks for the molecular functions, biological processes and cellular components in which they are involved, we also evaluated them for expression. The results are presented in Figure 2 for genes with ≥3 interactions. In Figure 2 , upregulated genes are represented in red fonts and down regulated genes in blue font. The analysis revealed up and down regulated genes interacting in gene regulatory networks Figure 2 . The genes PP1, S100A4, SPICE1, TRAP1 and TCTN1 were upregulated whereas as the genes PHF12, SIN3B, FOXK2, CUX1, RAF, RAF1, IKB, REL, NFKBIB, HSPA9, HSP70, DNAJC3 and DNAJB11 were up regulated ( Figure 2 ). Note that the analysis revealed many up and down regulated genes in network analysis, but due to filtering of the networks to remove genes with spurious interactions only a small number of up and down regulated genes are presented here. Many of the discovered genes in the networks are involved in the molecular mechanisms of cancer.
To gain insights about the broader biological context in which the differentially expressed genes operate and to discover potential targetable pathways, we performed pathway analysis. The results of pathway analysis are presented in Figure 3 . In the Figure, only the pathways found to be significant as determined by the log p-values as shown by the threshold yellow vertical line are presented.
Pathways analysis revealed many important signalling pathways dysregulated in response to HWBC (Figure 3 ). The most highly sig- 
Discussion
Historically WBC in peripheral blood at diagnosis has been used as a prognostic marker in childhood ALL [6, 7, 10, 11] . A key knowledge gap and critical unmet need has been the elucidation of the molecular mechanisms and biological pathways modulating WBC. Here we used transcription profiling comparing gene expression levels between patients diagnosed with LWBC and patients diagnosed with HWBC to address this knowledge gap and unmet need. The investigation revealed a molecular signature distinguishing patient diagnosed with LWBC from those diagnosed with HWBC. Additionally, the analysis revealed multiple gene regulatory networks and signalling pathways dysregulated in response to increased WBC. We discuss the significance of these findings in the context of potential clinical applications.
Prognostic Signature
The discovery of a gene signature distinguishing patients diagnosed with LWBC from patients diagnosed with HWBC suggests that transcription profiling could be used for risk stratification of ALL patients to identify patients at high risk who could be prioritized for intensified treatment. This could have significant impact considering that patients with HWBC in peripheral blood ≥200x109/L at diagnosis constitute 5-8% of all childhood ALL patients and are known to have significantly lower survival rates [6, 12] . Prioritization of patients with HWBC for intensified treatment could lead to improved outcomes since this group of patients fare less well in outcomes [25] .
Guiding Therapeutic Decisions
One of the lingering questions by clinicians has been to decide whether maintenance therapy for childhood ALL should be revised such that drug doses are adjusted by white blood cell, neutrophil, or lymphocyte counts [10] . This investigation addressed this question and provides a rational basis for adjusting therapy by WBC. That could be achieved by identifying the patients with HWBC who could be prioritized for intensified treatment and the genes modulating WBC levels which could serves as prognostic markers.
Complementing Current Treatment Protocols
Current risk stratification and treatment algorithms incorporate age, sex, WBC, degree of central nervous system involvement, established cytogenetic alterations, and measurement of levels of Marginal Residue Disease (MRD) at early time points during therapy [26] [27] [28] . However, although modulation of treatment intensity based on MRD levels has been an important factor in improving outcomes of therapy for patients with childhood ALL [26, 29] , the genomic features modulating MRD such as IKZF1 alterations and Ph-like ALL have been associated with poor outcome in many studies [30] [31] . Importantly, their ability to refine prognosis in studies incorporating intensive therapy and measurement of MRD has varied between studies and cohorts [32] [33] [34] . Therefore, new genomic information such as genes dysregulated in response to HWBC could be used as prognostic markers to complement the information in current clinical algorithms.
Signalling Pathways as Potential Therapeutic Targets
In this study, we discovered multiple signalling pathways implicated in childhood ALL, including protein ubiquitination, NRF2-mediated oxidative stress response, FGF, AMPK, CD40, Erythropoietin, JAK/STAT, B cell receptor, STAT3, IL-12, Role of JAK1, JAK2 and TYK2 interferon and P53 signalling pathways. The significance of these findings is that these pathways could serve as potential therapeutic targets and or targets for the development of novel therapeutics. The involvement of ubiquitination signalling pathway has clinical significance because ALL cells have been shown to be sensitive to disturbances in protein homeostasis induced by proteasome deubiquitinate inhibition [35] . The FGF receptor signalling pathway is recurrently involved in leukemogenic processes, and recombinant ligand FGF2 has been shown to reduce the response to prednisolone in several BCP-ALL cell lines In vitro [36] . The AMPK signalling pathway is involved in programmed cell death, a crucial biological mechanism in the treatment of ALL [37] .
The CD40 ligand could be used for immunotherapy of childhood B-cell precursor ALL [38] . The erythropoietin receptor a member of the erythropoietin signalling pathway has been shown to be involved in ETV6/RUNX1-positive ALL, a subtype included in this study [39] . The Janus kinase (JAK)/signal transducer and activator of transcription (STAT) pathway is central to signalling by cytokine receptors, a superfamily of more than 30 transmembrane proteins that recognize specific cytokines and is critical in blood formation and immune response [40] . Most notably, STAT3 inhibitor has been shown to have potent antitumor activity in B-lineage ALL cells overexpressing the high mobility group A1 (HMGA1)-STAT3 pathway [41] . The B cell receptor [42] [43] and P53 signalling pathway is one of the most targeted pathways in childhood ALL [44] [45] . In addition, these signalling pathways, we also discovered genes involved in cell cycle, cell proliferation and DNA replication and repair pathways, all of which are known to play a role in childhood ALL [46] [47] [48] .
Future Research Directions
Taken together, the findings is this study have the potential to serve as clinically actionable molecular markers and targets for the development of novel therapeutics. Our investigation focused on use of transcription profiling. The recent surge of next generation sequencing technology provides the opportunity for incorporation of information on germline, somatic and epigenomic alterations into the clinical management of patients with ALL. Such information could be incorporated at several levels in clinical care, including at diagnosis, patient stratification, expanded molecular classification of novel subtypes of childhood ALL with clear prognostic importance. Moreover, sequencing is likely to have an important role in monitoring responses to therapy and immunotherapy by deeply sequencing antigen receptors. Such information could be integrated with transcriptome data by using gene expression levels as intermediate phenotypes.
Conclusion
The investigation revealed that genetic alterations in patients diagnosed with HWBC and LWBC could lead to measurable changes distinguishing the two patient groups. The investigation further revealed multiple molecular networks and signalling pathways dysregulated in response to increased WBC. Future studies integrating transcriptome with other omics data are recommended to understand the full spectrum of childhood ALL and facilitate the realization of precision medicine and precision prevention.
